The 64 Ni(d, 2 He) 64 Co reaction was studied at the AGOR cyclotron of KVI, Groningen, with the Big-Bite Spectrometer and the EuroSuperNova detector using a 171-MeV deuteron beam. An energy resolution of about 110 keV was achieved. In addition to the J π = 1 + ground state, several other 1 + states could be identified in 64 Co and the strengths of the corresponding Gamow-Teller transitions were determined. The obtained strength distribution was compared with theoretical predictions and former (n, p) experimental results and displayed a good agreement. Due to the good energy resolution, detailed spectroscopic information was obtained, which supplements the data base needed for network calculations for supernova scenarios.
I. INTRODUCTION
The spin-isospin response of nuclei can be successfully investigated via (p, n)-and (n, p)-type charge-exchange (CE) reactions [1] . At intermediate incident energies and zeromomentum transfer the reaction cross section is dominated by the spin-isospin component of the central part of the nucleon-nucleon effective interaction [2, 3] . This is approximatively satisfied for scattering angles close to 0
• . Furthermore, transitions with L = 0 peak at 0
• . As a consequence, under these experimental conditions, the measured transitions are mainly characterized by: S = 1, T = 1, L = 0. By analogy to the allowed β-decay, these transitions are called Gamow-Teller (GT) transitions. They are connected to the weak nuclear transitions and allow the investigation of excitation energy regions inaccessible to β decay. Under the mentioned conditions, the CE reaction cross section is expected to become proportional to the GT transition strength, B(GT) [1, 4] .
Due to their importance as input data in the modeling of supernovae explosions, the strengths of GT transitions in the β + direction, B(GT + ), in fp-shell nuclei like 64 Co, are highly demanded (see, e.g., Refs. [5, 6] and references therein). It was shown, e.g., for 58 Co [5] , that the electron-capture rates depend strongly on the fine structure of the GT strength at low excitation energies.
For an experimental study of the GT strength distribution in 64 Co, we have chosen the 64 Ni(d, 2 He) 64 Co reaction. This is an (n, p)-type reaction, which, compared to the pure (n, p) reaction, presents the advantage of a much better energy resolution, achievable due to the acceleration of charged particles delivered in a primary beam. The (d, 2 He) reaction * Permanent address: NIPNE, Bucharest, Romania.
cross section is dominated by spin-flip transitions: the deuteron is mainly in a triplet state, whereas the detected proton-pairs, originating from 2 He particles with an internal energy limited to 1 MeV in our experiments, are mainly in a singlet state. The higher partial waves contributions are estimated to be only of the order of a few percentages [7] .
The proportionality between the (d, 2 He) reaction cross section and the B(GT + ) was shown, e.g., in Refs. [8, 9] , that describe a systematic study on a series of nuclei with 6 ≤ A ≤ 32. For higher masses this proportionality is not yet proven and case-by-case calibration is necessary, as is done for the case of 64 Co.
II. EXPERIMENT
The 64 Ni(d, 2 He) 64 Co experiment was performed at the KVI, Groningen, with a 171-MeV deuteron beam extracted from the superconducting AGOR cyclotron. The outgoing proton pairs from the 2 He particles were momentum analyzed by the Big-Bite Spectrometer (BBS) [10] and measured with the EuroSuperNova (ESN) detector. A detailed description of the (d, 2 He) experiment, the detector, electronics, and data-acquisition system as well as the data analysis is given in Refs. [11] [12] [13] [14] [15] [16] .
Measurements with three spectrometer angle settings, θ lab = 0
• , 3
• , and 5
• , were performed. The solid angle acceptance in mode B [10] , which was used in the present setup, is 9.2 msr. However, the ESN detector limited the acceptances to θ = 1.4
• and φ = 4.3
• . Due to this large acceptance it was possible to generate spectra with different scattering-angle gates. A precise determination of the scattering angles requires good angular resolution both horizontally and vertically. Typical angular resolutions achievable with the ESN detector in conjunction with BBS in (d, 2 He) experiments are better than 0.5 • (FWHM) for the reconstructed 2 He particles. Because of the large vertical opening angle, this allowed at 0
• to generate two spectra: one for θ c.m. 1
• and the other for 1
• θ c.m. 2
• . At the other BBS angles, we generated spectra imposing the condition 2.5
• θ c.m. 4.5
• and 4.5
• θ c.m. 6.5
• . The size of the angular bin was constrained by the rather poor statistics.
A self-supporting 64 Ni foil with an isotopic purity of 96.48% and thickness of 5.2 mg/cm 2 was used as target. The main contaminants in the target were 58 Ni (1.89%), 60 Ni (1.10%), and 62 Ni (0.45%). Given the very small admixtures of the contaminants, they are not expected to contribute significantly to the 64 Co spectrum. Moreover, the more negative Q value of the 64 Ni(d, 2 He) reaction essentially separates the 64 Co levels from the low-energy levels reported in the literature for the three contaminants.
The beam currents ranged between 0.3 and 2 nA, depending on the BBS angle. At θ lab = 0
• these current limitations were mainly imposed by background contributions to the spectra (see Sec. III). The prompt to random ratio for this measurement, when imposing the corresponding gates on the acquired data, was about 3 to 1. Furthermore, at any setting of the BBS the count rate to deadtime ratio imposes a limit on the current. For the 3
• and 5
• BBS angle settings the local beam-stop in the scattering chamber is used, which imposes a second limit, due to radiation damage to the electronics, which, in this case, limits the current even if the count rate to deadtime ratio is acceptable.
By using the momentum dispersion-matching technique [17] , an energy resolution E ≈ 110 keV (FWHM) was achieved for the 0
• spectrum. This is about a factor of 8 better than what was achieved in a former 64 Ni(n, p) experiment [18] , allowing now the separation of several individual states in the low excitation energy region.
III. DATA ANALYSIS AND EXPERIMENTAL RESULTS
A first step in the data analysis is the experimental background subtraction. Especially at very forward scattering angles, the detection of the two protons from 2 He takes place in the presence of a huge proton background originating mainly from the deuteron break-up, with a cross section of several orders of magnitude higher than the one of (d, 2 He) reaction [13] . For the experimental background reduction the time difference between the two detected protons in an event is used. Prompt coincidences are selected and the amount of the contributions from random coincidences is determined and subtracted; see Fig. 1 . For a detailed description of this procedure, see Refs. [13, 15, 16] . The random coincidences subtraction induces a small uncertainty of less than 5%, which is included when estimating the systematic uncertainty on the absolute cross sections.
As there is not much information available in the literature regarding the level scheme and J π values of 64 Co, the identification of GT transitions in our study was based on an angular distribution analysis in which the experimental cross sections were compared with DWBA calculations. Because of the selectivity of the (d, 2 He) reaction [13] , transitions with a • when the gate on prompt coincidences is imposed. For a better view of the spectrum, the ground-state peak was scaled down by a factor of 3. The random-coincidence spectrum is overlapped. Corrections for the limited spectrometer and detector acceptances for the two-proton system (see text for details) are not included. The peak around E x = −6.5 MeV is generated by a small contamination of the target with hydrogen. From about E x = −5.1 MeV there are very small contributions from the 58 Ni component in the target. L = 0 character in the low-exitation-energy region are GT transitions. Spectra with different scattering-angle gates have been produced (see Fig. 2 ) from the measurements taken with the three BBS angular settings.
Relative (ideally, absolute) differential cross sections are needed for analyzing the angular distributions and calculating the corresponding GT + strengths. Therefore, the cross-section Co reaction for different scattering-angle gates. The BBS angular settings as well as the scattering-angle gates are indicated in the figure. Because of the considerable difference in intensities between the ground-state peak and the rest of the spectra, the ground-state peak was scaled by a factor of 1/2. 054312 (2007) spectra had to be corrected for the limited acceptance of the spectrometer and detection system for the proton pair. The correction function was determined via a Monte Carlo simulation taking into account the coincident detection of the two protons within the solid angle and momentum acceptance. The specific correction function for every experimental setting and angular bin was determined. Refs. [13, 15, 16] give a detailed description of this procedure. The overall estimation of the uncertainty on the absolute value of the cross sections was determined to be of the order of 15%. The main uncertainty, about 10%, is introduced by the estimation of the spectrometer and detector acceptance for the two-proton system. As mentioned earlier, uncertainties introduced by the subtraction of the random coincidences are also contributing, as well as uncertainties in measuring the beam current, detector efficiency, target thickness, and target enrichment.
054312-2 LOW-LYING GT
As seen in Fig. 2 , starting from around 2.5 MeV, the spectra are dominated by a bumplike structure. This bump contains several contributions. Starting from around the threshold energy for the decay by neutron emission (S n = 6.02 MeV), background contributions generated by the quasifree scattering (QFS) have to be taken into account. Because of the Fermi motion of nucleons inside the nucleus, this region is very broad [19, 20] . The very broad giant resonances like the isovector spin giant dipole resonance (IVSGDR, expected around 9 MeV [21] ) and the isovector spin giant monopole resonance (IVSGMR, expected around 20 MeV [21] ) are overlapping with this continuum. The long tails of these resonances contribute to the low-energy region of the spectra. As expected, e.g., from a typical L = 1 angular distribution (characterizing the IVSGDR), these contributions increase with increasing scattering angle. Such behavior is easily observed by examining the low-excitation-energy region of the spectra in Fig. 2 .
We assumed that all the contributions discussed above can be estimated by a curve connecting the valleys in the spectra (see the upper panel in Fig. 4 ) and subtracted. The energy region E x 5 MeV of the resulting spectra has been decomposed into individual peaks by using the fitting program fityk [22] . No significant difference was observed when choosing the Gaussian shape or using the so-called Voigt function (composed by a Gaussian plus exponential tails) for the peak shape. Because the energy resolution achieved in this experiment allowed the separation of the ground-state peak from the other peaks corresponding to known levels and because it is not expected for the levels in the excitation energy region below the particle decay threshold to have an observable natural width, the width determined for the ground-state peak was imposed when analyzing the other peaks. The results of the fits for two spectra at different angles (θ c.m. 1
• ) when using the Gaussian shape are presented in Figs. 3 and 4 .
The locations of the centroids for several peaks are indicated in the figures. Apart from the 1.974-MeV level, all the observed levels below 2.1 MeV were reported in the literature [23] . In the compiled data, there is no information concerning higher energy states. The levels observed in our study are listed in Table I . Figures 5 and 6 show the experimental cross sections for seven discrete transitions and the energy-integrated cross sections for five excitation energy intervals containing the triplet around 1.6 MeV and the doublets around 2, 2.4, 2.7, 3.1, and 3.6 MeV together with the results of DWBA model calculations, using the code ACCBA of Okamura [24] . In calculating the cross sections for different L components it was assumed that the L = 0 component involves
, and the L = 2 J π = 3 + final states. Assuming a small variation with the mass number, the entrance channel of the reaction was described in the DWBA code through optical-model parameters determined in a deuteron elastic-scattering experiment on 58 Ni [25] . For the exit channel optical-potential parameters were calculated from a global fit to proton elastic-scattering data for incident energies of 80-180 MeV [26] . As effective two-body interaction parameters, the central and the tensor part from the T matrix parametrization at 100 MeV from Franey and Love [3] were applied. One-body transition densities were calculated in the normal-mode formalism with the program NORMOD [27] . The calculated cross sections were scaled to match the experimental cross sections. In these calculations, the σ τ and T τ amplitudes due to microscopic wave functions have, of course, been added coherently. However, the effect of the latter term could not be accurately determined in the present analysis. Where the fit to the experimental data was not good, an incoherent L = 2 contribution has been added [28] , which has been further used in estimating the uncertainties in GT strength due to the effects of the coherent L = 2 contribution.
As the four experimental values are obtained from different measurements, by defining different acceptance functions of the detection system for the proton pair, the estimation of 10% uncertainty of the acceptance correction function has to be included when analyzing angular distributions. Apart from this, the error bars given in Figs. 5 and 6 and included in the angular-distribution analysis account for statistical errors and uncertainties induced by the fitting procedure. A systematic deviation of the experimental points at 3.5
• is observed. This deviation can be caused by a larger imprecision in measuring the integrated current for the θ BBS = 3
• setting. A detailed investigation of our data and recorded information did not uncover the source of this deviation.
The angular distribution of the peak corresponding to the ground-state transition (a known J π = 1 + state) is fitted well by the calculated L = 0 shape. This is the strongest GT transition to an individual level in 64 Co. There are several other peaks having an angular distribution with a L = 0 character: at 0.453, at 0.678, and at 1. It was suggested by Runte et al. [29] in a study of the β decay of 64 Fe to 64 Co, that, apart from the ground state, a second 1 + level is present at about 311 keV in 64 Co. The energy resolution achieved in our (d, 2 He) experiment allowed the separation of this peak, present in the 64 Co spectrum at E x = 296 ± 22 keV. But the angular distribution analysis suggests a L = 2 component stronger than the L = 0 one for the corresponding transition. Even if this peak would have a L = 0 component, as assumed in the fit from Fig. 5 , the fraction of the GT strength exhausted by this weak transition would be extremely small. The GT component contributing to this peak could, in fact, be due to contributions from the ground-state or the 453-keV level, whose angular distributions have a clear L = 0 character. The L = 2 character of the transition to the 296-keV level is of particular importance as Williams et al. [18] , in a previous (n, p) study on 64 Ni, deduced a possible 40% contribution of the transition to this level to the ground-state peak when determining the unit cross section [see Eq. (1)]. The energy resolution of the (n, p) measurement was around 800 keV. Therefore, in their case the ground-state peak contained also contributions from the other levels at low excitation energy. The experimental unit cross section in the (n, p) study was 5.37 ± 0.39 mb/sr when no contributions from other low-excitation-energy states to the ground-state peak were considered and 3.2 ± 0.9 mb/sr when considering a 40% ± 16% contribution. However, our results indicate no significant L = 0 cross section in the excitation energy region 100-800 keV.
In the energy region 1.5-4 MeV several overlapping peaks are observed and the deduced cross section, especially for the small peaks, is strongly dependent on the fitting procedure. Consequently, the uncertainties on the determined individual cross sections are large and it was preferred to determine the GT component included in the multiplets, rather than doing it for the individual peaks. The fits of the angular distributions for these groups of levels are shown in Fig. 6 . The experimental distributions are fitted with rather good accuracy by assuming a mixture of L = 0 and L = 1 components.
For the calculation of the strengths of the identified GT transitions the proportionality between the reaction cross section and the B(GT) was used [4] :
The proportionality factorσ is called "unit cross section" and it is a function of the beam energy and the nature of the target. In our case, it was determined directly from the cross section of the ground-state transition, for which the B(GT + ) is obtained from the log ft = 4.3 value for the inverse transition measured in β decay [23] and taking into account the reversed initial and final states:
Here, (g A /g V ) = − 1.266 ± 0.004 [30] and J i and J f are the spins of the initial and final states in the 64 Ni(d, 2 He) 64 Co reaction.
The factor F (q, ω) in Eq. (1) accounts for the extrapolation of the cross section to zero momentum transfer q = 0 and zero energy loss ω = 0. It goes to 1 at vanishing momentum transfer and energy loss [4] . It was deduced via DWBA calculations:
This factor is about 0.7 for the ground-state transition and decreases to about 0.6 at E x = 3.6 MeV. The calculated B(GT + ) values are included in Table I . Based on our previous experience with (d, 2 He) and ( 3 He, t) studies, we expect good proportionality for transitions characterized by B(GT) 0.04 units (see, e.g., Ref. [32] ). Therefore, the error bars for the determined values below this limit might be underestimated. Fig. 12 of Ref. [18] and the LSSM calculations of the GT + strength from 64 Ni to individual levels [31] . A quenching factor q = 0.74 was utilized for scaling the shell-model amplitudes. The block widths represent the integrated energy region and the block heights are proportional to the uncertainty on the B(GT) value. The error bars on the (n, p) data are statistical only. For a better observation, the strength corresponding to the ground-state transition was scaled by 1/2 for both theoretical and experimental results.
IV. DISCUSSION
KB3 interaction [31] . The model space was reduced to the fp shell (including 1f 7/2, 2p3/2, 2p1/2, and 1f 5/2 orbitals), the truncation level involving about 10 million configurations. A quenching factor q = 0.74 was utilized for scaling the shell-model amplitudes [31] . The (n, p) results of Williams et al. as given in Fig. 12 of Ref. [18] are also shown for comparison. Because the strength for the ground-state transition as deduced from the β-decay measurement [see Eq. (2)] is not accurately described by the (n, p) data (see Fig. 7 ), we assume that these B(GT + ) values are obtained in the (n, p) study by employing the unit cross section of about 4 mb/sr calculated with Eq. (2) given in Ref. [18] , which represents a parametrization as function of the beam energy and target mass. In all three distributions most of the strength is concentrated in the ground-state transition, but the shell-model calculations overestimate its value by about 50%. The difference in strength is almost entirely fragmented over several states in the (d, 2 He) data. For a better comparison, the running sums are plotted in Fig. 8 . It becomes obvious that a better agreement could be obtained between (d, 2 He) and (n, p) experimental distributions if the latter one is scaled by a factor of ∼1.2. This factor has been obtained as the ratio between the total B(GT) strength of 1.72 ± 0.09, as quoted in the text by Williams et al. [18] and shown in the running sum plot in Fig. 10 of the same article, in comparison with the integrated B(GT) strength of about 1.4, which can be deduced from Fig. 12 of the same article. This might suggest an inconsistent application of unit cross sections in the (n,p) analysis. In the present article, the data presented in Fig. 12 of Ref. [18] are used for comparison.
Nevertheless, it should be noticed that the B(GT + ) values obtained in our study are based on the assumption that there are no GT contributions to the estimated "background" (see Fig. 4 ) that has been subtracted. This is only a simple assumption, without any theoretical support. Therefore, our results should be regarded as lower limit rather than absolute values. As mentioned by the authors of Ref. [31] , a better description can be obtained in the calculations if the 1g9/2 orbital is included in the model space.
The spectroscopic information supplied by the present study is contained in Fig. 9 , which presents a comparison with the information available in the literature at this moment. The left column shows the different levels found in the present (d, 2 He) experiment. The central column indicates levels obtained in the (t, 3 He) study by Flynn and Garrett [33] and the right column levels deduced in the γ -decay study of a T 1/2 = 6.4 ± 3.0 ns isomer in 64 Co by Asai et al. [34] . The suggested J π values are indicated at the left side of the levels. 3 He) spectra that cannot be observed in the (d, 2 He) spectra. This might suggest a higher-order character for the corresponding multipolarities, because the (t, 3 He) data were taken at much higher scattering angles, where the L = 0 component is no longer favored.
The level spacings between the 867-, 804-, 703-, 463-, and 0-keV states determined through the (t, 3 He) reaction are very similar to the 64-97-232-441 keV cascade γ -ray energies measured in the study of Asai et al. By normalizing the isomeric state, placed at 834 keV in the γ study, to the 867-keV level observed in the (t, 3 He) experiment, all the levels except the ground state agree in energy within the experimental uncertainties. The energy difference between the lowest-lying state observed in the γ -decay measurement and the ground state measured in the (t, 3 He) and (d, 2 He) reactions is +33 keV, which could be explained by the existence of an additional state at 33 keV above the ground state. This hypothesis is acceptable as the experimental setup used in the γ -decay measurement could not detect 33-keV γ rays [34] . Furthermore, the energy resolutions achieved in the (t, 3 He) and (d, 2 He) reactions (50 and 110 keV, respectively) are not sufficient to separate a weakly excited level at 33 keV above the ground state.
The 1 + character of the 453 ± 21-keV and 678 ± 21-keV states observed in the present experiment contradicts the (2 + , 3 + ) and, respectively, (3 + ) assignment to the corresponding states in the γ measurement of Asai et al. [34] . However, spins and parities in the γ -decay study are based on the assumption that the lowest-lying state observed in the γ -decay measurement is the 64 Co ground state, known from β-decay studies to be a 1 + state [23] . This assumption is not in agreement with the above explanation.
In spite of the limited energy resolution, we tried to decompose the multiplets present in the energy region 1.5 MeV E x 5 MeV into individual peaks. The obtained energies for the corresponding levels are indicated in Table I and Fig. 9 . An additional level, around 4.87 ± 0.04 MeV is suggested by the fit of the spectra for 2.5
• (see Fig. 4 ).
V. CONCLUSION
The GT strengths for transitions to low-lying states in 64 Co have been measured via the 64 Ni(d, 2 He) 64 Co reaction. The good resolution of the measurement allows the observation of fine structure in the GT resonance, seen as a broad bump in an earlier (n, p) study [18] . This permits, for the first time, a detailed comparison with the shell-model predictions in the low-excitation-energy region of 64 Co. The experimental results suggest a larger fragmentation of the strength than predicted by LSSM calculations. A similar study performed on 58 Ni showed that such fragmentation of the strength over low-energy states can have, especially at small temperatures, a large impact on the rates of electron-capture processes taking place in the presupernova stage of a massive star [5] . Because 64 Ni contributes to the electron-capture rate in the presupernova stage, the present results can impose constraints in future calculations for the location of the states at low excitation energy.
Good agreement was observed between the 64 Ni(d, 2 He) 64 Co results and the 64 Ni(n, p) 64 Co results of Williams et al. [18] when the (n, p) results were normalized by a factor of 1.2.
Also new spectroscopic information was obtained: J π = 1 + was suggested for the levels at 0.453(21) MeV, 0.678(21) MeV, and 1.396(15) MeV. Indications for the existence of several new levels are given.
